Among the several imaging technologies applied to in vivo studies of research animals, positron emission tomography (PET) is a nuclear imaging technique that permits the spatial and temporal distribution of compounds labeled with a positron-emitting radionuclide to be determined noninvasively. It can be viewed as an in vivo analog of classic autoradiographic methods. Many different positron-labeled compounds have been synthesized as tracers that target a range of specific markers or pathways. These tracers permit the measurement of quantities of biological interest ranging from glucose metabolism to gene expression. PET has been extensively used in imaging studies of larger research animals such as dogs and nonhuman primates. Now, using newly developed high-resolution dedicated animal PET scanners, these types of studies can be performed in small laboratory animals such as mice and rats. The entire whole-body biodistribution kinetics can be determined in a single imaging study in a single animal. This technique should enable statistically significant biodistribution data to be obtained from a handful of animals, compared with the tens or hundreds of animals that might be required for a similar study by autoradiography. PET also enables repeat studies in a single subject, facilitating longitudinal study designs and permitting each animal to serve as its own control in experiments designed to evaluate the effects of a particular interventional strategy. This paper provides a basic overview of the methodology of PET imaging, a discussion of the advantages and drawbacks of PET as a tool in animal research, a description of the latest generation of dedicated animal PET scanners, and a review of a few of the many applications of PET in animal research to date.
Introduction
A nimal models of human disease are an important and widely used research tool in understanding disease processes and evaluating potential therapies. Imaging technologies are playing a growing role in animal research, enabling large, expensive laboratory animals to be studied noninvasively and providing the possibility of reducing the number of smaller laboratory animals required in typical longitudinal studies. As each animal serves as its own individual control, the reproducibility of data from imaging studies may actually be better than that obtained from traditional invasive techniques, although this improvement has yet to be demonstrated unequivocally. Finally, imaging provides a bridge from animal research to human research and the clinic, enabling similar and sometimes identical experiments to be carried out across species. This advantage could be very important in understanding the value and limitations of animal models and in further refining these models and their extrapolation to the human.
Genetically modified animals have become a particular focus for advancing our understanding of mammalian biology. The mouse is the experimental model of choice in many situations, due to a range of factors including relatively high genetic homology with man and widespread expertise and well-developed methodology for genetic manipulation. Furthermore, the ability to use nude or severe combined immunodeficiency disorder mice with xenografts of human tissue make the immunodeficient mouse model particularly attractive. Compared with other mammalian models, the fast breeding cycle and decreased housing and maintenance costs are additional attractions. In some disciplines, particularly in neuroscience, the rat also remains an important experimental animal. Its value is due to the availability of well-established experimental models in the rat that predate much of mouse genomics and the larger brain, which allows better stereotactic accuracy in models involving surgical or other invasive procedures directed toward specific brain regions.
Much of the technology development in imaging is now directed at these small laboratory animals. However, larger laboratory animals such as dogs, pigs, and nonhuman primates will continue to play an important role in select experiments, particularly those involved in studying the central nervous system and the heart. In all cases, whether in a mouse or a primate, imaging offers opportunities to reduce the number of animals needed to answer a specific question, to refine experimental protocols by allowing longitudinal within-subject design, and possibly to lower the cost and reduce the overall time needed to obtain a result. Furthermore, for the first time, experimental studies in which the hypotheses being studied can be answered only by noninvasive experimentation are now possible (e.g., studying the development of new blood vessels to allow tumor growth).
Positron emission tomography (PET 1 ) is an imaging technique that employs radioactively labeled compounds to study a wide range of biological processes in vivo (Phelps 2000) . In this article, we explain the essential properties of PET and compare them with other imaging techniques that use some form of targeted contrast agent to measure biological function. We describe PET imaging systems that have been developed specifically for animal research, and we provide an overview of some of the applications of PET in animal research.
Imaging Probes and Contrast Agents
Labeling of relevant molecules so that their distribution can be visualized in biological systems is a widely used method in the laboratory. The most commonly used labels are fluorophores, which emit light when stimulated with light of the appropriate wavelength, and radionuclides, which emit gamma rays or beta particles when they decay. In cell culture and in tissue slices (e.g., in situ hybridization), both radioactive and fluorescent probes are used very successfully to study a whole range of biological problems. However, these model systems are highly simplified. The ability to track these "tagged' molecules in vivo is valuable because it enables the animal to be studied at the level of the whole organism, including the effects of transport, metabolism, excretion, and interactions and signaling between organ systems. This broader context is important both in studying normal animals under a variety of conditions or with different stimuli and in gaining a more detailed understanding of biological processes in animal models of disease. The factors mentioned above often are determinants of therapeutic efficacy in the treatment of disease, so their inclusion in the animal model is clearly advantageous as new therapies are being developed and tested.
Radiolabeled molecules can be examined in vivo by administering them by injection into a living animal; however, the distribution of these probes is commonly determined by euthanizing the animal followed by tissue sectioning and exposure to film or digital imaging plates (e.g., autoradiography) or direct tissue counting in a radiation 'Abbreviations used detector. Each animal can therefore provide only a single snapshot rather than a continuous movie of the tracer distribution after injection. Furthermore, studies that examine the effect of some kind of perturbation on the system (e.g., pharmacological intervention, surgical manipulation, exposure to environmental factors) must use different animals for the control and experimental groups. A complete pharmacokinetic or pharmacodynamic time course, after interventional effects on an animal model over a period of several weeks, can easily require the use of several hundred animals.
It is clear that noninvasive techniques that provide the same or similar information without the need to euthanize the animal have great value. Imaging provides a pathway to do this (Weissleder 1999) , and techniques that utilize tagged molecules such as optical and nuclear imaging and that can be used to investigate a wide range of biological processes are particularly powerful. Other techniques such as magnetic resonance imaging and x-ray computed tomography provide exquisite high-resolution images that are largely reflective of anatomy. These techniques also have an important place in small animal imaging but are in general more optimized to address different sets of questions. Some limited functional information can be obtained with modern magnetic resonance imaging methods, although the sensitivity levels are typically in the milli-to micromolar range, whereas the nuclear and optical methods can provide sensitivities beyond the nanomolar range. Sensitivity in this context refers to the number of tagged molecules that must be present in a given volume element to be detectable relative to a "low" background.
A number of groups are developing optically based techniques for in vivo imaging. One approach images fluorescent probes by injection into an animal . A high-sensitivity charged-coupled device (CCD 1 ) camera is used to record the light emitted when these probes are stimulated by an external light source. By using fluorophores in the near infrared, the emitted light can penetrate several millimeters of tissue, and it has been possible to obtain projection (but not tomographic) images of the distribution of fluorescent compounds in vivo. Other approaches in genetically modified animals include the use of genes that encode for fluorescent proteins (e.g., green fluorescent protein) or for enzymes responsible for bioluminescence (e.g., the luciferase enzyme) (Contag et al. 1998 ). Both of these approaches result in optically detectable signals from cells in which the gene is being expressed. Although these optical techniques have the advantage of relative low cost without involving radioactive materials, they as yet provide largely qualitative data in vivo, unless the emission is located very close to the surface. This is a consequence of the high scattering and absorption of light in even thin sections of tissue, the highly depth-dependent distribution of light escaping from the animal's body, and the lack of tomographic methods for computing the three-dimensional emission distribution accurately. These factors also limit in vivo optical imaging methods to the smaller laboratory animals (mice) or to superficial imaging in larger animal models.
In vivo nuclear imaging involves labeling compounds with radionuclides that decay by the emission of one or more gamma rays. These radionuclides have the advantage that the penetrating gamma radiation can easily escape from the tissues of both small and large animals to be registered by an external detection system. Thus, it can be used in all experimental animal models and can penetrate through many centimeters of tissue. Furthermore, by taking multiple views around the animal, it is possible to use classical computed tomography methods to reconstruct quantitative threedimensional images of the distribution of the compound of interest. Nuclear imaging techniques have the disadvantage of being somewhat more expensive and lacking control over the emission of the radiation. In contrast, in fluorescent imaging, light emission is stimulated by a laser or other external light source, and molecules labeled with multiple fluorophores can be converted from a quenched state (where no light is emitted) to an emitting state by specific biological events . From an imaging perspective, one distinct advantage of an optical approach is that in many applications, the background signal can be minimized because the optical signal can be nonexistent or quenched until the optical probe comes into contact with some target tissue. With radioactive approaches, it is not possible to control when the probe is radioactive or not; only the passage of time can allow background signal to clear.
Two forms of nuclear imaging can be used for in vivo small animal imaging. One uses single radionuclides that emit single gamma rays such as 99m Tc, 123 I, 201 Tl, and m I n . The energy of emissions is typically in the 80-to 350-keV range, and these gamma rays can be detected externally by position-sensitive scintillation detectors, also known as gamma cameras. The gamma camera also contains a collimator, which is essentially a lead disk containing a large number of small parallel holes that allow only gamma rays arriving perpendicular to the camera face to be detected. All other gamma rays are absorbed by the lead walls between the holes. Although it is an inefficient use of the emitted radiation, the collimator is necessary to define the direction from which the gamma rays are coming, thereby providing spatial information. These gamma camera systems produce twodimensional projection images of the distribution of a radionuclide. If the gamma camera is rotated about the object and sufficient views are collected, three-dimensional tomographic images can also be reconstructed. This technique is known as single photon emission computed tomography imaging and is discussed in the context of small animal imaging in a review by Weber and Ivanovic (1999) . The other form of nuclear imaging, which uses positron-emitting radionuclides, is discussed in detail below.
Positron Emission Tomography: Basic Features
PET relies on the unique decay characteristics of positronemitting radionuclides (Jones 1996; Phelps 2000) . When a positron (the antiparticle to the electron with the same mass but with opposite electric charge) is emitted from the nucleus, it travels a short distance (typically a few tenths of a millimeter) before undergoing an annihilation reaction with an electron in tissue. The annihilation of the two particles results in the simultaneous emission of back to back gamma rays, as shown in Figure 1 . These gamma rays carry energy of 511 keV, independent of the radionuclide involved. A list of some commonly used positron-emitting radionuclides and their characteristics appears in Table 1 along with other longer half-life positron-emitting radionuclides that may find increasing application in animal research.
If the two simultaneously released gamma rays are registered by external detectors placed around the subject (Figure 1 ), then each detected gamma ray pair defines a line (with a small uncertainty due to the travel of the positron) through the imaging volume along which the decay of the nucleus must have occurred. Because two gamma-rays with a strict geometric relation are emitted, imaging of positron-emitting radionuclides does not require a collimator. In a PET imaging study, large numbers of gamma-ray pair events are collected (typically 10 6 -10 7 ) and reconstructed into cross-sectional images using standard computed tomography reconstruction methods such as filtered backprojection. More sophisticated statistical algorithms are also available to reconstruct the data (Ollinger and Fessler 1997) . The resulting images, assuming that appropriate corrections are applied to the data, quantitatively reflect the distribution of the positron-emitting radionuclide in the body.
The detectors in most PET scanners, both animal and human, are based on some form of position-sensitive scintillation detector, using either small individual crystals of bismuth germanate scintillator or a continuous sheet of sodium iodide scintillator connected to photomultiplier tubes. The probability level of the 511 keV gamma rays interacting in these dense, optically transparent scintillator materials is somewhat high, and some of the energy deposited by the gamma rays is released as a flash of visible light. This light is then collected by a photomultiplier tube connected to the scintillator, which converts the light photons into electrons and amplifies the signal by a factor of approximately 10 6 . Thus, the scintillation detector converts the interaction of a 511 keV gamma ray in the scintillator into a robust current pulse that can be detected and processed by relatively standard electronics.
The spatial resolution of a PET scanner is determined by the size of the scintillator crystals or, in the case of continuous sheets of scintillator, the thickness of the sheet and the size of the photomultiplier tubes reading out the scintillator sheet. Data collected from a PET scanner is not directly in the form of a tomographic image but instead, must first be reconstructed using the well-established methods of computed tomography (the same reconstruction mathematics is used by computed tomography scanners). The signal-tonoise level in the reconstructed PET images depends on the number of gamma ray events that were detected and formed the data set. The more events that are collected, the better the Figure 1 Basic physics of positron emission tomography (PET). A compound labeled with a positron-emitting radionuclide is introduced into the body, usually by intravenous injection. When one of the radionuclide atoms decays, a positron is emitted, travels a very short distance in tissue (typically (H-IO 0 mm for radionuclides of interest), and annihilates with an electron in the tissue. The mass of the two particles is converted into energy, which is emitted in the form of two back-to-back 511 keV gamma rays. A positron emission tomography scanner consists of a ring, or multiple rings, of gamma ray detectors that register simultaneous gamma ray hits and their location, thus defining the line along which the positron-emission took place. By collecting large numbers of gamma-ray pair events (typically 10 6 to 10 7 ) and using computed tomography methods, cross-sectional images reflecting the concentration of the positron-emitting radionuclide can be generated. statistical quality of the data and the lower the noise level in the images. The signal-to-noise level is therefore determined by the solid angle coverage of the PET scanner (the gamma ray pairs are emitted isotropically), the efficiency of the detectors for stopping the gamma rays, the injected dose, and the imaging time. One of the key advantages of PET is the availability of positron-emitting isotopes of carbon ( U C; T 1/2 = 20 min), nitrogen ( 13 N; T 1/2 = 9.9 min), oxygen ( 15 O; T 1/2 = 2.1 min), and fluorine ( 18 F; T 1/2 =110 min). One or more of these elements are found in most biologically active compounds. Their presence allows radiotracers to be created by direct isotopic substitution (e.g., a positron-emitting C-l 1 atom substituted for a stable C-12 atom). In this manner, radiolabeled versions of almost any molecule of biological significance can be synthesized without altering the biological function of the molecule. Sometimes the structure of biologically relevant molecules are deliberately altered to create labeled analog tracers that have superior properties for the purposes of imaging in comparison with the native molecule. For example, an analog may isolate particular metabolic steps or may show improved uptake or clearance properties. One of the challenges in using the radionuclides mentioned above is their short half-life. This fast decay requires that radiolabeled molecules are synthesized very rapidly and that imaging takes place within one or two half-lives of the completion of the synthesis.
PET SCANNER
A second challenge related to the short half-lives of many important positron-emitting radionuclides is that it is usually necessary to produce them on site in a compact biomedical cyclotron (McCarthy and Welch 1998) .
18 F has a sufficiently long half-life that it can be distributed from regional distribution centers where a single cyclotron serves multiple customers within a particular area. There are also several longerlived radionuclides (e.g., 64 Cu, T 1/2 =12.7 hr; 124 I, T 1/2 = 4.2 days) that can be shipped from remote sites and are particularly well suited for studying biological processes in which tracer accumulation and/or clearance of nonspecifically bound tracer requires many hours. A third option are generatorproduced radionuclides (e.g., 62 Cu, T 1/2 = 9.7 min; 68 Ga, T ]/2 = 68 min), which consist of a long-lived parent radionuclide (produced at a remote accelerator or reactor) that continuously decays into a shorter-lived positron-emitting daughter radionuclide (Knapp and Mirzadeh 1994) . The generator consists of a column containing the parent radionuclide, which can be flushed to elute the shorter-lived positronemitting radionuclide whenever it is required. The use of either long-lived or generator-produced radionuclides enables PET studies to be carried out without an on-site cyclotron, although the radionuclides available are generally difficult to incorporate into molecules that are biologically relevant, which restricts the range of studies that can be performed.
A wide array of biologically interesting compounds can and have been synthesized with positron-emitting radionuclide tags (especially n C and 18 F) for PET imaging studies (Fowler and Wolf 1986; Tewson and Krohn 1998) . These compounds include those that measure blood flow, substrate metabolism, protein synthesis, receptor binding, enzyme activity, and gene expression. Direct labeling of drugs, both therapeutic and drugs of abuse, is also possible. The flexibility of labeling any molecule that targets a specific biological pathway or marker, and the ability to image the spatial distribution of the labeled molecule in vivo over time, opens up many potential uses for PET from basic research in animal models right up to the clinic.
The actual mass of tracer that must be injected to obtain an interpretable image depends on the specific activity with which the labeled compound can be synthesized. The specific activity, defined as the measured radioactivity of a sample divided by the mass of the sample, is determined by the fraction of molecules within a sample that are radiolabeled. The specific activity is typically on the order of 10 3 Ci/mmol for' 'C and 18 F, leading to concentrations of injected tracer that often are subnanomolar in humans and therefore below the levels generally required for pharmacological effects. In small animal studies, the mass of the tracer can in certain circumstances be a limiting factor in the study of receptor systems that are easily saturable and when a high level of receptor occupancy causes pharmacological effects (Hume et al. 1998 ). In the vast majority of cases, however, PET imaging is truly a tracer technique (injected mass in the range of KH-IO" 10 g) in which the material administered by injection does not perturb the biological system under study. Typical injected tracer doses required are in the 5-to 20-mCi range for human studies, 2-to 8-mCi range for nonhuman primate studies, 0.5-to 2-mCi range for rat studies, and 50-to 200-(lCi range for studies in mice with currently available PET instrumentation. Radiation dose is a limiting factor in human studies but not a factor in animal studies, in which the mass and volume of the injected tracer and count-rate limitations of the PET scanner tend to determine the maximum injected dose. The radiation dose to the subject is highly dependent on the tracer and its pharmacokinetics.
Another important characteristic of PET imaging is that it enables the distribution of the radionuclide (and therefore the molecule to which it is attached) to be measured in quantitative units, assuming that appropriate corrections are made for physical factors such as gamma ray attenuation and scatter in the tissue. The quantitative nature of PET is largely independent of the thickness of the object and the depth of the source within the subject. This factor contrasts with optical imaging, in which light scatter makes accurate quantification and good spatial resolution at depth extremely challenging. Compared with nuclear imaging techniques that use single gamma ray-emitting radionuclides, PET also has at least one order of magnitude advantage in sensitivity (the number of detected events per unit of injected dose) because the direction of an incident gamma ray is defined electronically by the detection of the opposing gamma ray. In single gamma ray imaging, the direction must be defined by using a physical collimator that permits only gamma rays from predefined directions to strike the detectors and absorbs all other gamma rays. This dramatically reduces the detected gamma ray event rate per unit of injected dose of radioactivity. One disadvantage of PET relative to other techniques, however, is that all radionuclides lead to the same energy (two 511-KeV photon) emissions. Therefore, it is not possible to perform dual radionuclide studies simultaneously.
The data obtained from a dynamic PET study are a time series of volumetric images that reflect the distribution of the radionuclide within the imaging field of view over time. For small animals, this imaging field of view can often encompass the whole body. Thus, PET provides information on both the spatial and temporal distribution of the tracer in a single study. PET data can be further analyzed by applying tracer kinetic models (Huang and Phelps 1986) . When combined with arterial blood samples that measure tracer delivery to the tissues, these models can be used to calculate biologically important information such as the rates of accumulation, metabolism, and clearance of the labeled molecules, or the binding characteristics of the molecule with the target of interest, or all of this information. This modeling can be important in various applications because sometimes the total radioactivity at a given location (often calculated from the image as percentage of injected dose per gram of tissue) is not a sufficient measure of the kinetics of the underlying process. of this writing, they consist of large numbers of detector elements (typically 10,000-20,000) arranged in multiple rings to provide coverage of 10 to 25 cm in the axial direction (Figure 2a) . Clinical PET systems typically produce reconstructed tomographic images with a spatial resolution in the 5-to 8-mm range for the brain and the 8-to 15-mm range for the rest of the body. These resolutions result in volume resolution elements (which can be interpreted as the volume of tissue from which independent information can be extracted) of, at best, 0.1 cc and, more typically, 0.5 to 2 cc. A typical study of the human brain from a clinical PET scanner is shown in Figure 2b . These clinical systems have also been widely used for animal research, predominantly in the larger laboratory animals such as nonhuman primates (brain), dogs (heart), and pigs (heart), where the spatial resolution is often adequate. There have also been attempts to image smaller animals such as rats on these clinical scanners (Ingvar et al. 1991) , but the spatial resolution is sufficient for only a narrow range of applications. The first dedicated animal PET scanners were also designed for larger research animals, particularly for brain imaging in nonhuman primates (Cutler et al. 1992; Watanabe et al. 1992) . These systems were designed to obtain somewhat higher spatial resolution than clinical PET systems. In addition, the systems developed by Hamamatsu (Hamamatsu K.K., Japan) employ a sophisticated tilt mechanism in the gantry, which allows the detector ring to be placed horizontally, thus enabling PET imaging of conscious monkeys trained to sit in a chair (Tsukada et al. 2000) . Among the several dedicated primate PET systems in existence, the latest generation high-resolution Hamamatsu system (SHR-7700) (Figure 2c transaxial directions and 3.2-mm resolution in the axial direction, yielding a volume resolution element of 22 mm 3 or 0.022 cc (Watanabe et al. 1997 ). An example of a study from this system is shown in Figure 2d .
PET Scanners for Animal Research
With the tremendous advances in mouse genomics and the wide range of animal models of human disease based on smaller laboratory animals such as mice and rats, there has been significant motivation to extend PET techniques to imaging of small animals. Several key challenges are involved. First, the spatial resolution must be improved substantially to enable individual organs and large substructures of organs to be identified reliably by PET. This improvement is necessary if PET is to be useful for a broad range of applications in small animals, beyond special cases such as imaging of large implanted tumors, and the imaging of specific receptor systems that are highly localized (e.g., the dopaminergic system). Second, the technology must evolve to a point where the PET scanner becomes a compact, relatively low-cost, high-throughput, and easily used benchtop system. Finally, PET radiopharmaceuticals must be widely available at low cost without the need for every laboratory to operate its own cyclotron. The first two challenges, which relate directly to the detector technology and scanner design, are being addressed by several research groups and companies worldwide at the time of this writing.
The first dedicated small animal PET scanner was developed through a collaboration between the Medical Research Council Cyclotron Unit, Hammersmith (London, England) and CTI PET Systems Inc. (Knoxville, Tennessee) (Bloomfield et al. 1995 (Bloomfield et al. , 1997 . This system took the standard detector technology being developed for clinical PET systems but placed these detector units in a small 12-cm-diameter ring to form a compact PET system for rodent imaging. Although the spatial resolution was not superior to that found in clinical systems, it did elegantly demonstrate the concept of a dedicated small animal PET system. Even with the spatial resolution limitations, a tremendous amount of useful research was carried out with this system in the rat brain, by focusing on targets (e.g., the striatum) that could be visualized with PET tracers specific to the dopaminergic system.
In the mid-1990s, numerous groups began to develop small animal PET scanners with detector technology developed specifically for that application and with improved spatial resolution. One of the first completed systems was developed at Sherbrooke University. This PET scanner was the first to use solid state photon detectors, called avalanche photodiodes, to read out the scintillator crystals in place of relatively bulky photomultiplier tubes (Lecomte et al. 1996; Marriott et al. 1994) . Another system, microPET, was developed in our laboratory at UCLA and was based on a new scintillator material, lutetium oxyorthosilicate, coupled by optical fibers to multichannel photomultiplier tubes (Figure 2e) (Chatziioannou et al. 1999; Cherry et al. 1997) . This system, which has a volumetric resolution of 0.006 cc, has been used to study more than 3000 research animals between 1996 and 2000 ( Figure 2f ). A commercial version of this system is now being manufactured by Concorde Microsystems Inc. (Knoxville). Several other PET systems dedicated to small animal imaging have been developed (Del Guerra et al. 1998; Pichler et al. 1998; Tavernier et al. 1995; Weber et al. 1997 ). Most of these systems are based on some form of scintillation detector, although multiwire proportional chamber detector technology has also been applied to small animal PET. A very high-level resolution system based on multiwire proportional chamber technology is manufactured by Oxford Positron Systems (Weston-on-the-Green, England) (Jeavons et al. 1999) . The typical image resolution of many of these systems is in the 1-to 2.5-mm range and yields volumetric resolutions in the range of 0.001 to 0.015 cc.
Physical constraints on the ultimate spatial resolution attainable with PET exist and are caused by the range the positron travels before annihilation with an electron (positron range) in addition to the fact that the two gamma rays are not emitted exactly 180° apart (noncolinearity) due to the residual momentum of the electron and positron at annihilation. These two factors, combined with detector resolution, sampling, and the statistical quality of the data that can be achieved for a reasonable injected dose, will probably limit the resolution of PET images in rodents to approximately a 0.5-to 1-mm range (0.001-0.0001 cc volumetrically) with low energy positron emitters such as n C and 18 F. To reach submillimeter resolution reliably in PET images of small animals, substantial future improvements in the spatial resolution and the overall sensitivity of animal PET scanners are required.
Applications of PET in Animal Research
Extensive literature exists on the use of PET in animal research, ranging from the mouse up to the monkey. It is not possible to review all of the papers in this field comprehensively. The purpose of this section is therefore to provide an overview of representative work that demonstrates some of the different areas in which PET imaging has been applied in animal research.
One of the major research roles of PET has been in neuroreceptor imaging. This work now spans several species, from mouse to man. Some of the early studies in nonhuman primates were directed primarily at evaluating and validating new PET ligands for eventual human use (e.g., Wong et al. 1993; Yousef et al. 1996) . The use of PET neuroreceptor imaging extends to testing of new drugs targeted to specific receptor systems (Burns et al. 1999; Fowler et al. 1999) to the study of drugs of abuse such as cocaine (Tsukada et al. 1996; Volkow et al. 1995) and methamphetamine (Melega et al. 1997) . Some studies also use PET to monitor outcome longitudinally after striatal grafts in models of Parkinson's disease (Brownell et al. 1998; Flicker et al. 1997; Torres et al. 1995) and to evaluate the effects of neuroprotective and neurotrophic factors (Melega et al. 2000) in neurodegenerative disease and substance abuse. The majority of these studies focus on the dopaminergic system because there are several PET ligands for different components of this sys-tern and the striata are easily visualized by PET, even in the mouse (Chatziioannou et al. 1999 ]) is the most frequently used clinical PET tracer and has also been used widely in animal studies. Uptake of this PET probe is reflective of regional glucose metabolism and is altered in a wide variety of disorders and disease states (Phelps 2000) . FDG PET studies have been used to track metabolic development in the monkey brain (Moore et al. 2000a) , to study events after traumatic brain injury in the rat (Moore et al. 2000b) , and to study brain plasticity after hemidecortication (Kornblum et al. 2000) . FDG has also been used to measure myocardial metabolism in the dog heart, and the methods are now being extended to the rat myocardium (Kudo et al. 1999b; Lapointe et al. 1999a ). In conjunction with measures of blood flow (Kudo et al. 1999a) , PET can be used to study the balance between flow and metabolism in chronic models of coronary artery disease. Some small animal PET scanners permit gating of the heart, which allows systolic and diastolic myocardial images of the rat heart to be obtained (Lapointe et al. 1999a) . FDG is also widely used in cancer studies because cancer cells reveal increased accumulation of this tracer, probably due to increased glucose utilization and increased expression of the Glut-1 transporter (Brown et al. 1996) . FDG has been used in mouse and rat tumor models, and one study has used PET longitudinally to monitor the effects of photodynamic therapy on implanted tumors (Lapointe et al. 1999b ).
The applications mentioned above are critically dependent on radiolabeled tracers to study a specific process. One of the key limitations of the use of PET in animal research is that the synthesis of new probes can take many months to years to develop and optimize because the relatively shortlived isotopes available for PET generally make nuclear chemistry the rate-limiting step for most applications. In many cases, autoradiography and the use of beta-emitters (e.g., 3 H, 14 C) can help accelerate the testing of new probes for eventual use as PET probes (by changing the label to a positron emitter). It is necessary to validate that the final PET probe is stable in vivo and that the isotope does not dissociate from the parent molecule. The development of universal probes that could monitor many different molecular processes would greatly speed up animal research. In fact, several potential categories of universal probes are possible and are discussed below.
If one can synthesize a small segment of DNA and radiolabel it at one end (referred to as radioactive antisense oligodeoxynucleotide or RASON 1 ), then one has the potential to build a universal PET tracer (Figure 3 ). This potential exists because the labeling process can be made independent of the exact sequence of the DNA. The sequence of the DNA determines what process the probe will measure. The sequence can be chosen to be complimentary to the messenger RNA (mRNA) sequence of a given gene. If the gene of interest is expressed, then the RASON can hybridize (bind) to the mRNA of that gene and specific signal can be detected with the PET camera. In those cells that do not express the gene, the probe can still enter the cell but not be significantly retained because the mRNA is not present. The holy grail of PET and many other imaging modalities would be such a universal probe. This probe could easily be synthesized in a DNA synthesizer and be rapidly radiolabeled independent of the exact sequence. Ultimately, this approach may be highly generalizable to the genes that produce sufficient levels of mRNA. Several factors currently limit the use of this approach, which is being investigated by numerous investigators (reviewed by Gambhir 1999) . These factors include (1) stabilizing the RASON against degradation from nucleases in the blood and within the cell, (2) delivering enough RASON across the cell membrane, (3) allowing the RASON to hybridize to the mRNA target within the constraints of the isotope half-life, (4) synthesizing RASON probes with a high enough specific activity (typically 1000-10,000 Ci/mmol) to detect relatively low levels of mRNA, (5) minimizing the interaction of RASON probes with intracellular proteins and nontarget mRNAs so that unbound RASONs can efflux from the cell rapidly. Nevertheless, all of the issues listed above, and especially the last, have limited the use of the RASON as a universal probe. It should be noted that because this approach tracks mRNA levels, some applications in which it is critical to assay levels of protein or receptor as opposed to their corresponding mRNA will not be ideally suited for such a RASON-based approach. It is likely that within the next decade, this approach or a modification of it will become reality.
A second universal approach is more useful in animals than in humans because its operating success depends on manipulation of the cellular genome. This approach is commonly referred to as a reporter gene approach. The basic concept (Figure 4 ) is to alter a particular set of cells to express a gene that would normally not be expressed and one that is not expressed elsewhere in the animal (Gambhir et al. 1999a,b) . The gene product leads to an enzyme or receptor that is capable of trapping a radiolabeled probe. Several features make this approach quite useful in studying many different processes. The promoter that drives the transcription of the reporter gene can be changed easily. One can use the same sequence as a promoter that is from any endogenous gene and couple it to the reporter gene to construct a chimeric gene. This allows one to monitor the endogenous gene indirectly because the same promoter sequence drives the transcription of both the endogenous and reporter genes. Therefore, it is not necessary to develop a probe for each new gene, but instead cells can simply carry the chimeric gene consisting of the endogenous gene promoter and the reporter gene sequence. Alternatively, one can drive the transcription of the reporter gene using a constitutive promoter (that is always active). In this case, when cells carry the chimeric gene consisting of the constitutive promoter driving the reporter gene, they will trap reporter probe. This process is useful for monitoring cells as they migrate from one part of the body to another.
The reporter gene approach is limited in that the reporter gene must be introduced into target tissue(s). This introduc- Gene / Figure 4 Principle of imaging with a reporter gene. A reporter gene driven by a promoter of choice can be delivered into target cells. If the reporter gene is expressed, the protein made (shown as spheres) can specifically trap a reporter probe. In those cells in which the reporter protein is not present, the reporter probe can enter the cell, efflux back out, and be cleared from the blood. The reporter gene can encode for a intracellular protein or a receptor that can be intracellular, on the cell surface, or both. This approach is a general approach for imaging gene expression because many different processes can be studied by using different promoters.
Volume 42, Number 3 2001 tion can be accomplished in a variety of ways, including viruses or nonviral constructs that carry the reporter gene. Alternatively, it is possible to construct transgenic mice that carry the reporter gene in every cell but express it only in cells in which transcription is activated from a user-chosen promoter. A huge increase in the number of transgenic mice that carry imaging reporter genes is likely because of the potential to study many different processes noninvasively, using imaging technologies like microPET. Specific examples of two reporter genes for PET imaging are the herpes simplex type 1 virus thymidine kinase (HSVl-tk 1 ) (Gambhir et al. , 1999b (Gambhir et al. , 2000a Tjuvajev et al. 1999a ) and the dopamine type 2 receptor (D2R 1 ) (MacLaren et al. 1999) . The HSVl-tk reporter gene encodes for the enzyme denoted as HSV1-TK. This enzyme is capable of phosphorylating various substrates (e.g., ganciclovir, penciclovir), thereby trapping them in a given cell. Cells that do not express HSVl-tk do not significantly trap the reporter probes, and therefore a very low level of background signal is present. The natural function of this enzyme is to phosphorylate thymidine; however, because HSV1-TK has relaxed substrate specificity, it also phosphorylates other probes. At the time of this writing, one of the most effective imaging probes is side-chain fluorine-18-labeled penciclovir (FHBG 1 ). Because HSVl-tk is a foreign gene, it can produce an immune response in immunocompetent mice. This is not an issue in transgenic mice because the mice have carried this gene while their immune system matures. FHBG does not cross the blood brain barrier so that this approach may not be useful if the blood brain barrier is intact. FHBG that is not sequestered in cells expressing HSVl-tk is cleared by the hepatobiliary and renal systems. This clearance leads to background signal in the gall-bladder, gastrointestinal tract, kidneys, and bladder. The pharmacokinetics are rapid, with greater than 80% of the tracer cleared from blood within 60 min in mice.
The D2R reporter gene uses the fluorine-18-labeled reporter probe 3-(2'-18 F-fluoroethyl)-spiperone, which binds to the D2R receptors. Although D2R is expressed in the brain striatum, there is not significant expression elsewhere leading to specific signal only in those tissues in which the D2R reporter gene has been activated. 3-(2'-18 F-fluoroethyl)-spiperone is also cleared by the hepatobiliary and renal system. Together the HSVl-tk and D2R reporter genes allow for monitoring two separate molecular processes by coupling their expression to two different promoters. An example of a transgenic mouse carrying the HSVl-tk reporter gene driven by the albumin promoter imaged on a microPET is shown in Figure 5 .
Applications of the PET reporter genes are rapidly growing and include the following: (1) monitoring cell trafficking as cells metastasize to different organs; (2) monitoring endogenous gene expression indirectly through a reporter gene in transgenic animals carrying the PET reporter gene; (3) studying the interaction of two population of cells (e.g.,
Figure 5 Micro-positron emission tomography (microPET) imaging of the herpes simplex virus type 1 thymidine kinase (HSVl-tk) reporter gene in a transgenic mouse. A transgenic mouse was developed in which in every cell of the mouse, the HSVl-tk reporter gene is present. However, because this reporter gene is driven by the albumin promoter, only cells in which albumin is expressed (predominantly hepatocytes in the liver) will lead to expression of HSVl-tk. The microPET tomographic image (coronal view) shown was obtained ~60 min after the injection of fluorine-18-labeled penciclovir (FHBG) (a probe specific for the HSVl-tk reporter gene product). There is specific signal predominantly from the liver, due to trapping of FHBG, and from the intestines, due to clearance of FHBG from the hepatobiliary system. FHBG was able to enter all cells (except for those within the brain) but was trapped only in the cells that expressed HSVl-tk. The scale on the right (in percentages of injected dose per gram [%ID/g]) is a measure of the amount of tracer in each region of the mouse. immune system and tumor cells) over time; and (4) studying gene delivery and expression in living animals to optimize the delivery of a specific gene to a chosen target. It is noteworthy that for gene therapy approaches, methods have already been developed to link the expression of the PET reporter gene to any arbitrary therapeutic gene (Tjuvajev et al. 1999b; Yu et al. 2000) . This development should lead to methods to monitor therapeutic gene expression in living animals and eventually humans, thereby greatly helping the field of gene therapy. Many additional applications exist but are beyond the scope of this review.
Reporter approaches that utilize optical reporter genes are also quite powerful (Contag et al. 1998) . The luciferase and green-fluorescent protein reporter genes are two examples that can be used in the same ways as the PET reporter genes. For luciferase, a substrate (luciferin) is administered by injection into the peritoneum; and when cells expressing luciferase accumulate the luciferin, light is produced by using ATP as an energy source. For the green-fluorescent protein, an input wavelength must be provided and an output wavelength of light is produced (Yang et al. 2000) . These optical approaches have the distinct advantage of low background signal, ease of use, and low cost; however, they are limited by signal scatter and absorption-limiting studies deep in tissues, and they lack direct extension to most human applications. We are currently developing reporter systems that are capable of being imaged using CCD optical and small animal PET technologies by coupling the two reporter genes in a single vector.
Other general approaches for probe development include radiolabeled antibody fragments that can target receptors on the cell surface . Antibodies can be rapidly generated against most target proteins and are usually labeled in the same way regardless of the exact amino acids that compose the antibody. The selection of small fragments that bind to the target molecule can be used to optimize the clearance of the molecule from tissues that do not express the target. A recent example of this approach is the use of copper-64 radiolabeled antibody fragment targeted to the carcinoembryonic antigen receptor in a tumor xenograft model .
Future Challenges
PET appears to be developing rapidly as a viable tool for animal research. It allows noninvasive measurement of many different biological processes and permits longitudinal calculations of animal models. High-resolution dedicated animal PET scanners are available, and additional improvements in performance, cost, and ease of use can be anticipated. Nevertheless, several challenging issues still must be addressed for PET to become a routine part of the biological sciences.
The first challenge relates to the necessity of immobilizing the animal during study. Such immobilization is accomplished using general anesthetics, which are well known to have significant effects on the cardiovascular, respiratory, and central nervous systems (e.g., Gjedde and Rasmussen 1980; La Manna and Harik 1986) . Careful consideration should be given to the choice of anesthetic to study a particular process so that effects are minimized. The consistency of depth of anesthesia during a study and from one study to another is also important. Careful control of anesthesia is also necessary to ensure long-term survival of the animals in longitudinal studies, in which the same animal may be anesthetized and scanned weekly for 6, 8, or even 10 wk. Although immobilization of an animal in a PET scanner is possible using restraining devices, it leads to extremely high stress levels, which can create conditions as poorly reflective of normal physiology as those of an anesthetized animal (Lasbennes et al. 1986) . It has been possible to train nonhuman primates to undergo PET scans while conscious, although the effort to train these animals is significant (Tsukada et al. 2000) .
To perform fully quantitative PET studies, information on the time course of tracer delivery to the tissue is required. This "input function" is best obtained from direct arterial blood sampling during the PET study. This function becomes extremely challenging in the smaller laboratory animals, particularly in longitudinal studies in which blood samples are required from the same animal repeatedly. It has been possible to perform repeated blood sampling in rat studies (Lapointe et al. 1998; Moore et al. 2000b ), but in the mouse, the small size of the vessels and the tiny total blood volume make direct blood sampling extremely difficult. Alternatives include imaging the activity in the left ventricular blood pool to estimate the input function, or using tissue reference regions, where there is no specific retention of the probe Lammertsma and Hume 1996) .
The final major challenge to the widespread use of animal PET relates to cost and tracer access. Sites with an existing clinical PET program and a radiochemistry development group can start an animal PET program for only the capital cost of the scanner. Others will face the choice of buying a cyclotron and starting their own radiochemistry program, or using the restricted set of 18 F-labeled PET tracers that are used clinically and are available through commercial radionuclide distribution centers and making use of the longer lived or generator-produced PET radionuclides shown in Table 1 . Fortunately, the number of sites with biomedical cyclotrons continues to grow, and the rapid growth in clinical PET is fueling the need for PET radiopharmaceuticals, which is being met with an ever-expanding network of regional distribution centers. Access to PET tracers is now easier than it has ever been, and the range of tracers that can be delivered to the door is likely to grow quickly in the next 5 to 10 yr.
Another likely important development is that of multimodality systems for small animal imaging. PET is powerful because of its high-level sensitivity, but it lacks anatomical information. Through the use of small animal systems such as microcomputerized axial tomography, it is possible to obtain detailed anatomical information at ~ 100 micron resolution (Paulus et al. 2000) . Systems that combine microPET and microcomputerized axial tomography technology are under development, and an animal can be imaged in each scanner sequentially with software-based approaches to fuse the image sets. Additionally, by building vectors compatible with both optical CCD and PET technologies, it should be possible to image an animal in both an optical and a PET system. This approach would be powerful because a mouse could be screened rapidly and easily with the optical CCD system and then imaged in the microPET when detailed tomographic information is desired. Reporter genes that combine both optical and PET reporter genes are currently under construction and should help facilitate multimodality imaging.
Although the challenges remain significant, the field of animal PET is growing rapidly. By the end of 2001, it is estimated that 30 sites will have some form of dedicated animal PET scanner. If additional innovation can improve the performance and reduce the complexity and cost of animal PET systems, it is possible that this technology will spread widely into major research institutions and the pharmaceutical and biotechnology industries. The future appears bright, although much work remains to refine, simplify, validate fully, and evaluate PET for animal research studies.
